and are now distributed at a low density across larger geographic areas of Europe. Brown bears are presently the most abundant large carnivore species in Europe (∼ 17 000 individuals), followed by grey wolves (∼ 12 000 individuals) and Eurasian lynx (∼ 9 000 individuals, Chapron et al. 2014) .
The distribution ranges of the three large carnivore species are still increasing in Europe. Some areas are characterized by permanent populations, whereas other areas are characterized by only sporadic occurrences. In this study, we defined these terms according to Chapron et al. (2014) : 1) areas (10  10 km grid cells in this study) with permanent occurrences are occupied by a given species at least 50% of the time over three or more years and/or where there is either confirmed reproduction or the presence of resident adult females, 2) areas (again, 10  10 km grid cells) with sporadic occurrences are characterized by the occasional presence of a given species (e.g. dispersers), without reproduction, based on species distribution data compiled over three to five years. In Europe, several species of large carnivores, such as brown bear Ursus arctos, Eurasian lynx Lynx lynx and grey wolf Canis lupus, have experienced centuries of population decline and range contraction due to persecution by humans as well as habitat alteration and fragmentation (Ripple et al. 2014) . Brown bear, Eurasian lynx and grey wolf were all widespread throughout Europe in former times, and their historical ranges encompassed all regions of Europe, including Ireland and Britain and regions north of the Arctic Circle (Breitenmoser 1998) . By the middle of the 20th century, these species had become restricted to limited areas of the Iberian and Italian Peninsulas, to Scandinavia, and to some areas in the Balkans (Chapron et al. 2014 ). After persecution decreased or stopped because of legal protection, and after several reintroduction projects, the populations of brown bear, Eurasian lynx and grey wolf have increased during the last decades. The three species are currently recolonizing parts of their historical ranges in Europe (except for Belgium, Great Britain, Ireland, Luxembourg and the Netherlands, European human-dominated landscapes provide ample space for the recolonization of large carnivore populations under future land change scenarios Pietro Milanesi, Frank Thomas Breiner, Felice Puopolo and Rolf Holderegger P. Milanesi (http://orcid.org/0000-0002-1878-9762) (pietro.milanesi@unipv.it), F. T. Breiner (http://orcid.org/0000-0003-4465-1684) and R. Holderegger, WSL Swiss Federal Research Inst., Switzerland. FTB also at: Dept of Ecology and Evolution, Univ. of Lausanne, Switzerland. RH also at: Dept of Environmental Systems Sciences, ETH Zürich, Switzerland. -F. Puopolo, Dept of Biosciences, Univ. of Parma, Italy. Europe is currently being re-colonized by large carnivore species such as brown bear Ursus arctos, Eurasian lynx Lynx lynx and grey wolf Canis lupus. Approximately one-third of Europe currently hosts at least one of these large carnivore species: they show permanent occurrence in some regions and sporadic occurrence without reproduction in others. We investigated potential future range expansions of these three large carnivores using three different analyses. First, we compared niche overlap between the historical, current permanent and current sporadic occurrences using n-dimensional hypervolumes. Second, we identified the environmental variables that best explain differences between current sporadic and permanent occurrences through multi-model inference. Third, we projected permanent occurrences into the future across a range of land-use change scenarios. We also determined future refuges (i.e. sub-optimal habitat in the environmental model, good habitat in the human disturbance model) and ecological traps (i.e. good habitat in the environmental model, sub-optimal habitat in the human disturbance model). In the three large carnivore species, ecological niche overlap was higher between historical and current permanent occurrences than between historical and current sporadic occurrences, and we also found low ecological niche overlap between current permanent and sporadic occurrences. Between 20 and 24% (corresponding to 86 800 to 173 200 km 2 ) of the current sporadic occurrences could result in permanent settlement of large carnivores in the year 2040, while 17-24% (corresponding to 122 200 to 104 100 km 2 ) and 2.7-4.6% (corresponding to 11 800 to 28 400 km 2 ) of the current sporadic occurrences are likely to become refuges and ecological traps, respectively. Factors affecting range expansion are human activities, which were negatively related to permanent occurrences of all three species. In light of our results, human-dominated European landscapes provide ample space for the future recolonization of large carnivores.
During the recolonization process since the middle of the 20th century, many sporadic occurrence areas have turned into permanent occurrence areas. Therefore, present-day areas with sporadic occurrences might represent areas within the historical range that have not yet been permanently filled again. Alternatively, they might represent areas with environmental conditions or anthropogenic influences that do not allow for permanent settlement of large carnivores.
A possible approach to investigate the continuing or restricted recolonization of Europe by large carnivores is the application of ecological niche models (Guisan et al. 2014 ). However, a potential problem with ecological niche modeling lies in the potential disequilibrium state of the current distributions of brown bear, Eurasian lynx and grey wolf during the recolonization of Europe. Niche modelling assumes that the ecological niche of a species is adequately circumscribed by the present-day occurrences of a target species (Guisan and Theurillat 2000) . While this assumption is valid for species living in areas unchanged by humans and also mostly holds true for common species in humanaltered areas, it could be inappropriate for species currently expanding their distribution range, species with potentially changing ecological niches during climate change (Araújo and Pearson 2005) and invasive species (Gallien et al. 2012) . Disequilibrium between species and their environment might thus be a rather common phenomenon (Svenning and Skov 2004, Falcucci et al. 2013) .
When dealing with species that are undergoing range expansion, such as invasive species, disequilibrium fundamentally influences the definition of their habitat requirements and thus the determination of the area available for expansion (Václavík and Meentemeyer 2009, Falcucci et al. 2013 ). Since there is no common solution to the problem of disequilibrium states in ecological niche modeling, one should bear in mind that corresponding models are only approximations based on the presently available information on the distribution of the target species.
When data on the distribution of a species with an expanding range is available for several time steps, such as in the case of the three large carnivores in Europe (Chapron et al. 2014) , the estimation of niche overlap between the past distributions with the current ones could allow for an evaluation of how well niche models are able to predict distribution ranges even in situations of potential disequilibrium.
Once the predictive performance of niche models is determined from the comparison of historical and current occurrence data of the three large carnivore species, it is possible to project occurrences into the future based on scenarios of how the European landscape will develop (Stürck et al. 2015) . In addition to niche models estimated using all available predictor variables, factors limiting range expansions of large carnivore species can be identified by developing separate models for subsets of predictor variables, i.e. including only environmental variables or only anthropogenic factors. This approach allows one to identify areas that are likely to be 'ecological traps' habitats (i.e. good habitat in the environmental model, sub-optimal habitat in the human disturbance model) and 'refuges' (i.e. sub-optimal habitat in the environmental model, good habitat in the human disturbance model) in the future (Bleyhl et al. 2015) .
Based on historical (1950-1970s) and recent occurrence data (2010) (2011) (2012) for the three species (Chapron et al. 2014) , the aims of the present study were 1) to compare niche overlap between the historical, current permanent and current sporadic occurrences, 2) to identify environmental and anthropogenic variables that best explain differences between permanent and sporadic occurrences and 3) to determine if and how much of the current sporadic occurrences of the large carnivore species are likely to turn into permanent occurrences, refuges and ecological traps in the future (year 2040). We first estimated ecological niche overlap between historical, current permanent and current sporadic occurrences using the 'n-dimensional hypervolume' approach (Blonder et al. 2014) . Second, we performed multinomial logistic regressions (Hosmer and Lemeshow 2000) to identify environmental or anthropogenic factors that best explain differences between permanent and sporadic occurrences. Third, we projected niche models into the future to identify permanent occurrences in the year 2040 (based on four different land-use change and human density scenarios), also separating future refuges and ecological traps, and we estimated the spatial overlap in geographic space between predicted future permanent occurrences and current sporadic occurrences.
Material and methods

Study area and data set on large carnivore occurrences
The study area corresponded to all continental European countries excluding Belarus, Russia and Ukraine (Fig. 1) . Ranging from 0 to 4810 m a.s.l., the study area is characterized by coniferous, deciduous and mixed forest (15.6%, 10. 4% and 7.3% of the total area, respectively), shrub-lands (11.5%) and grasslands (7.8%). Croplands and human settlements (32.4% and 4%, respectively) are concentrated in the lowlands.
We considered two data sets on brown bear, Eurasian lynx and grey wolf provided by Chapron et al. (2014) (< http:// dx.doi.org/10.5061/dryad.986mp >) regarding 1) the current (2010) (2011) (2012) and 2) historical (1950-1970s) distributions of large carnivores in Europe. The current distribution was separated in two categories by Chapron et al. (2014) : 1) areas with permanent occurrences, which are occupied by a species at least 50% of the time during the last three to five years and/or in which there was either confirmed reproduction or clear evidence for the presence of resident adult females, 2) areas of sporadic occurrence with occasional observation of large carnivores, without reproduction. Chapron et al. (2014) selected a raster grid size of 10  10 km, because all three large carnivore species have large spatial requirements and because the average home ranges of brown bear, Eurasian lynx and grey wolf cover several such grid cells. According to Chapron et al. (2014) , brown bear has permanent occurrences in 10 regions (Scandinavia, Karelia, Baltic, Carpathian, East-Balkan, Dinaric-Pindus, Central Apennines, Alps, Pyrenean and Cantabrian), corresponding to a total of 485 400 km 2 , and shows sporadic occurrences in or adjacent to nine out of the 10 population (excluding Cantabrian) ranges, corresponding to a total of 726 200 km 2 . The Eurasian lynx permanently and sporadically occurs in 11 populations (Scandinavian, Karelian, Baltic, Carpathian, Balkan, Dinaric, Bohemian-Bavarian, Alpine, Jura, Vosges-Palatinian and Harz Mountains), corresponding to 813 400 km 2 and 632 800 km 2 , respectively (Chapron et al. 2014) . The grey wolf permanently occurs in 10 populations (Scandinavian, Karelian, Baltic, Central European Lowlands, Carpathian, Dinaric-Balkan, Italian peninsula, Alpine, North-West Iberia and Sierra Morena), for a total of 798 300 km 2 , and shows sporadic occurrences in or near nine out of 10 populations (excluding Sierra Morena) ranges, for a total of 481 800 km 2 .
The historical dataset of brown bear, Eurasian lynx and grey wolf used in this study refers to the distribution of the three large carnivore species at their extent in the period 1950-1970s (Chapron et al. 2014) . Historically the brown bear and the grey wolf occurred in 10 population ranges, similar to the current ones, corresponding to a total of 379 000 and 375 100 km 2 , respectively, while the Eurasian lynx historically occupied 366 000 km 2 in five (Scandinavian, Karelian, Baltic, Carpathian and Balkan) out of the current 11 population ranges (Chapron et al. 2014) . The populations of Eurasian lynx in the Dinaric, Bohemian-Bavarian, Alpine, Jura, Vosges-Palatinian and Harz Mountains are the result of recent reintroduction initiatives in these areas (Chapron et al. 2014) . These historical occurrences of the three large carnivores likely represented permanent occurrences. Similar to the current permanent and sporadic occurrences, historical data are given as raster maps with a grid cell size of 10  10 km by Chapron et al. (2014) .
Predictor variables
For the present situation, we took into account a total of 11 environmental and anthropogenic predictor variables (Table 1) for which continuous spatial data were available for the entire study area and which represented the habitat requirements of the three large carnivore species (Basille et al. 2008 , Jędrzejewski et al. 2008 , May et al. 2008 , Güthlin et al. 2011 , Huck et al. 2011 , Llaneza et al. 2012 , Martin et al. 2012 , Rauset et al. 2013 , Maiorano et al. 2015 . All predictor variables were resampled at a 10  10 km grid cell size. Topographic variables such as altitude, slope and landscape roughness were derived from a digital elevation model (DEM) with a spatial resolution of 15 m (ASTER GDEM, gdem.ersdac.jspacesystems.or.jp). Specifically, landscape roughness was estimated in R (< www.R-project.org/ >) with the package 'raster' (Hijmans et al. 2015 , Table 1 ). Landcover data were obtained from the coordination of information on the environment (CORINE Land Cover 2006 vector data, < www.eea.europa.eu/data-and-maps/data/clc-2006-vector-data-version >). We also considered local human density (GEOSTAT 2011 grid dataset -Eurostat, European Commission, < www.ec.europa.eu/eurostat/web/gisco/geodata/ reference-data/population-distribution-demography >), the percentage of human settlements (derived from CORINE) and the Euclidean distances from them. These distances were calculated by rasterizing human settlements at a grid cell size of 1  1 km and then averaging the resulting straight line distances within a 10  10 km grid cell size.
For the historical situation in 1950-1970s, we used exactly the same variables in a 10  10 km grid, which were acquired from the gross land-change dataset (HILDA ver. 2.0, < www.wageningenur.nl/en/expertise-services/chair-groups/ environmental-sciences/laboratory-of-geoinformationscience-and-remote-sensing/models/hilda/hilda-data-down loads.htm >, Fuchs et al. 2013 Fuchs et al. , 2014 Fuchs et al. , 2015 for environmental variables and from HYDE ver. 3.1 (< http://themasites.pbl. nl/tridion/en/themasites/hyde/download/index-2.html >, its mean and standard deviation (SD) before analysis and used bandwidth vectors (h) estimated from the data using the Silverman estimator (Blonder et al. 2014 ). We chose a quantile threshold parameter (t, the fraction of the probability density to be excluded from the hypervolume) of 0 and thus included all occurrences in the analysis.
First, we compared the historical distributions of the three large carnivore in 1950-1970s (Chapron et al. 2014) to those of the current permanent occurrences and to those of the current sporadic occurrences. We estimated niche overlap (i.e. the intersection of two shared volume/summed volume, Blonder et al. 2014 ) between hypervolumes of each of the three large carnivore species during the 1950-1970s (according to the historical environmental and anthropogenic conditions) and those of the current permanent and sporadic occurrences (based on the current environmental and anthropogenic conditions).
Second, considering the categorical response variable sporadic (0) or permanent (1) occurrence, we developed multinomial logistic regressions with all possible combinations of predictor variables to identify those environmental or anthropogenic factors that best explained differences between permanent and sporadic current occurrences. Positive coefficients indicated that permanent occurrences had higher values of the considered variable than sporadic occurrences, whereas negative coefficients indicated lower values. We ranked the resulting models using the Akaike information criterion (AIC, Akaike 1974) and, according to Burnham and Anderson (2002) , we considered only regression models with ΔAIC  2 as good models, using the 'MuMIn' package (Bartoń 2015) in R. Model validation was achieved through 10 K-fold cross-validation, partitioning each dataset into two random subsets (approximately 50% of the entire datasets, Boyce et al. 2002) . One subset was used to calibrate the model and the other for evaluation. We measured predictive accuracy of the models with the Boyce index in a moving window approach (Boyce et al. 2002 , Hirzel et al. 2006 using the 'ecospat' package (Broenniman et al. 2015) in R.
Third, assuming that current permanent occurrences in Europe adequately reflect the habitat requirements of the three large carnivore species studied, we projected the permanent hypervolumes into geographic space, according to the future environmental and anthropogenic conditions in the year 2040. We used the inclusion test (Blonder et al. Klein Goldewijk et al. 2011) for human density, calculated as the average over 1950-1970s. For the future situation in 2040, we considered four landuse change scenarios (including human settlements) developed by Stürck et al. (2015) (data provided by the authors). These scenarios, namely Libertarian Europe (A1), Eurosceptic Europe (A2), Social Democracy Europe (B1) and European Localism (B2), represent strong (A1) to modest (B2) economic interventions and growth (see Stürck et al. 2015 for details on the scenarios). Based on these scenarios, we calculated the same predictor variables as mentioned above at a 10  10 km grid cell size. In addition, we interpolated local human density, derived for the year 2040 from Gridded Population of the World ver. 4 -UN-adjusted population count, following the interpolation method provided by the authors of this dataset (see < http://beta.sedac.ciesin.columbia.edu/data/ collection/gpw-v4/methods/method1 > for details).
We thus considered a total of eight environmental variables (altitude, slope, landscape roughness, percentage of grasslands, percentage of forests, percentage of water courses and percentage of croplands and the Shannon diversity index of habitats) and three anthropogenic variables (human population density, percentage of human settlements, distance to human settlements) available for the time periods 1950-1970s, 2010-2012 and 2040 at the same grid resolution.
Data analyses
To avoid multi-collinearity among predictors, we calculated the variance inflation factor (VIF) for all variables and removed predictor variables with values higher than three (i.e. highly correlated with other predictors, Zuur et al. 2010 , Table 1 ). Croplands showed VIF values higher than three for all time periods considered (Table 1) and were thus not considered in further analysis.
We applied a recently introduced multivariate method to quantify the Hutchinson ecological niche (Hutchinson 1957) , i.e. the 'n-dimensional hypervolume' (Blonder et al. 2014 ). Compared to other extant ecological niche approaches, n-dimensional hypervolumes allow estimation of the ecological hyper-space considering the whole set of predictors (Blonder et al. 2014) . Similarly to Blonder et al. (2014) , we transformed each predictor variable relative to habitat in the human disturbance model). The identification of ecological traps and refuges might have important implications, because the former could be subject to management actions mitigating human disturbance while the latter might buffer optimal habitats (Bleyhl et al. 2015) .
Results
The 10-dimensional hypervolumes, representing estimates of the ecological niches of the three large carnivore species considered, showed low niche overlap between historical (1950-1970s) occurrences and current permanent and sporadic occurrences. However, while low, the ecological niche overlap of brown bear, Eurasian lynx and grey wolf was higher between historical and current permanent occurrences (6.6%, 6.1% and 4.7% in volume, respectively) than between historical and current sporadic occurrences (3.2%, 3.7% and 1.2%, respectively). We also found low niche overlap between current permanent and sporadic occurrences for all three studied species according to hypervolumes. The brown bear showed highest niche overlap (4.8%), followed by the Eurasian lynx (4.6%) and the grey wolf (2.4%).
We developed a total of 1023 logistic regression models for the three large carnivore species. Brown bears showed only one model with ΔAIC  2 (AIC  14 453, R 2  0.321). This model included altitude, slope, grassland cover, forest cover (%), water courses (%), habitat diversity index and presence and distance to human settlements (Table 2) . Similarly, 2014) to quantify the spatial overlap between current sporadic occurrences and future permanent occurrences. To avoid bias due to the violation of equilibrium between species occurrence and the environment where they occur as well as bias due to a subjective definition of the areas available for recolonization, we restricted the area of investigation to the grid cells with current permanent and sporadic occurrences. However, we then projected the results to the whole of Europe. This approach is similar, though more restrictive (to avoid niche overestimation) to those of Calenge et al. (2008) and Falcucci et al. (2013) , which considered habitat availability as the minimum convex polygon built around species' occurrences to deal with the problem of disequilibrium between distribution and environment. These analyses were performed using the 'hypervolume' package (Blonder et al. 2014) in R. To identify the factors that could limit range expansions of the three large carnivore species in Europe, in addition to the hypervolumes estimated with all predictor variables ('full model' here after), we developed separate hypervolumes for subsets of predictors either only including the environmental variables ('environmental model' here after) or only including the anthropogenic factors ('human disturbance model' here after, Table 1 ). Following Bleyhl et al. (2015), we combined the resulting hypervolume maps derived from environmental variables and those derived from anthropogenic factors to identify 'ecological traps' habitats (i.e. good habitat in the environmental model, sub-optimal habitat in the human disturbance model) and 'refuges' (i.e. sub-optimal habitat in the environmental model, good 513 400 km 2 for ecological traps (Fig. 2, 3 ; Supplementary material Appendix 1, Table A1 ). Finally, for the grey wolf, predicted areas were 1 809 300 to 1 850 300 km 2 for the full model, 2 083 800 to 2 117 800 km 2 for refuges and 333 300 to 348 100 km 2 for ecological traps ( Fig. 2, 3 ; Supplementary material Appendix 1, Table A1 ). For brown bears, the overlap in geographic space between current sporadic occurrences and permanent occurrences for the year 2040 ranged from 170 500 to 173 200 km 2 (23.25 to 24.28% of the current sporadic occurrences) for the full model, 122 200 to 125 400 km 2 (17.13 to 17.57%) for refuges, and 22 100 to 29 800 km 2 (3.09 to 4.17%) for ecological traps (Fig. 2, 3 ; Table 4 ). Considering Eurasian lynx, the spatial overlap ranged from 127 300 to 133 100 km 2 (20.64 to 21.58%) for the full model, 109 700 to 113 600 km 2 (17.79 to 18.42%) for refuges and 26 400 to 28 400 km 2 (4.28 to 4.6%) for ecological traps (Fig. 2, 3 ; Table 4 ). Finally, for the grey wolf, the spatial overlap ranged from 86 800 to 89 000 km 2 (20.03 to 20.54%) for the full model, 100 300 to 104 100 km 2 (23.14 to 24.02%) for refuges and 11 800 to 12 600 km 2 (2.72 to 2.91%) for ecological traps (Fig. 2, 3 ; Table 4 ).
Discussion
A question of ongoing debate in the conservation of large carnivores in Europe is whether there is enough space for viable and functional populations (Packer et al. 2013 ). Our for the Eurasian lynx only one model showed ΔAIC  2 (AIC  18 463, R 2  0.401). This model was similar to that for the brown bear but incorporated human density instead of percentage of water courses (Table 2) . Finally, we detected only one regression model with ΔAIC  2 (AIC  13 468, R 2  0.377) for the grey wolf, similar to that for the brown bear, but without slope (Table 2) . 10 K-fold cross-validation showed highly significant (p  0.001) values of the Boyce index for each of the best models for the three large carnivore species and, therefore, indicated high predictive accuracy of these models (Table 3) .
For brown bears, the area with permanent occurrences in the year 2040, as predicted by the hypervolumes according to the four future scenarios, ranged from 1 416 100 to 1 452 500 km 2 for the full model, 2 379 400 to 2 399 100 km 2 for refuges, and 400 900 to 450 900 km 2 for ecological traps (Fig. 2, 3 ; Supplementary material Appendix 1, Table A1 ). For the Eurasian lynx, the corresponding areas were 1 353 800 to 1 383 600 km 2 for the full model, 2 245 700 to 2 452 500 km 2 for refuges and 477 500 to Figure 2 . Spatial overlap between current sporadic occurrences and predicted permanent occurrences (green) estimated through the full model in the year 2040 under four different land use change scenarios (A1, A2, B1, B2; see main text for details) for three large carnivore species. Predicted permanent occurrences non-overlapping current sporadic occurrences (brown) are also shown.
The geographic overlap of current sporadic occurrences with predicted permanent occurrences in 2040 indicated that a proportion ranging from 20.1 to 24.3% of the current sporadic occurrences could turn into permanent occurrences for the three large carnivores. In 2040, large carnivores could therefore potentially occur in 86 800 to 173 200 km 2 of the areas currently considered as sporadic occurrences. The geographic overlap of current sporadic occurrences with predicted refuges and ecological traps in 2040 indicated that a proportion ranging from 17.1 to 24.1% (122 200 to 104 100 km 2 ) of the current sporadic occurrences could turn into refuges while a proportion ranging from 2.7 to 4.6% (11 800 to 28 400 km 2 ) could turn into ecological traps for the three large carnivores. Actually, refuges represent sub-optimal habitat in the environmental model but good habitat in the human disturbance model, while ecological traps represent good habitat in the environmental model, sub-optimal habitat in the human disturbance model (Bleyhl et al. 2015) . Current sporadic occurrences that do not become permanent occurrences in 2040 will probably still harbor sporadic occurrences or may turn into areas where the species no longer occurs.
As highlighted by other studies (Basille et al. 2009 , Gehrt et al. 2010 , López-Bao et al. 2013 , Chapron et al. 2014 and the present analysis of potential future areas for permanent occurrence (Fig. 2, 3) human-dominated landscapes in Europe provide ample space for large carnivore populations in our study, irrespective of the four future scenarios considered.
hypervolume-based distribution models provide additional information for answering this question. The n-dimensional hypervolume method for estimating the ecological niches of brown bears, European lynx and grey wolves verified that all three species showed similarly low levels of ecological niche overlap between current permanent and sporadic occurrences in Europe. However, the brown bear and the Eurasian lynx showed slightly higher niche overlap (4.8 and 4.6%, respectively) compared to the grey wolf (2.4%). especially the abundance of wild and/or domestic prey (Basille et al. 2009 , Eggermann et al. 2011 . Unfortunately, no data on prey abundance are available at the scale of continental Europe. On the one hand, prey abundance is often correlated with vegetation cover, with higher densities of wild ungulates associated with larger forests. Borowik et al. (2013) showed that the abundances of wild boar Sus scrofa and of roe deer Capreolus capreolus are positively related to deciduous and mixed forest cover (correlation coefficients: r  0.57 and r  0.50, respectively). The same holds true for the relationship between reindeer Rangifer tarandus and forest cover (r  0.66, Lundqvist et al. 2007 ). On the other hand, domestic ungulates are related to grasslands where they spend the grazing season (Eggermann et al. 2011) . Consequently, in our study, prey abundance is potentially represented by the environmental variables forest and grassland cover. Both of these variables were positively correlated with permanent occurrences of the three large carnivores. We applied ecological niche modeling to three large carnivores for the whole of continental Europe. One might argue that separate regional analyses, e.g. for Scandinavia or central Europe, would be biologically more meaningful, because the recent population sizes and the corresponding population history of the three studied species as well as environmental conditions including human interferences, substantially differ among European regions. The approach used here could easily be applied to any regional analysis as well as to any other large animal species. At smaller spatial scales, additional predictor variables that are not available for large spatial scales are probably available and could be included in the models, e.g. regional abundance of wild and domestic prey (see above).
The nature of the census data reported by different countries for the different species and the different populations used by Chapron et al. (2014) varied dramatically, from systematic to occasional sampling. Nevertheless, the current permanent and sporadic occurrence data used in this study, based on Chapron et al. (2014) is adequate and provides the most complete large scale assessment of large carnivore distributions available in Europe (Chapron et al. 2014) . In addition, we developed ecological niche models (n-dimensional hypervolumes) using presence-only data and not species abundance data, thus avoiding bias due to the heterogeneity of occurrence data, as discussed above. Due to the heterogeneity of abundance data and the lack of dispersal data for the three large carnivore species (Chapron et al. 2014) , it was not possible to develop more accurate dynamic population models (e.g. population viability analyses or corridor detection, Marucco and McIntire 2010) , which would take density-dependent dispersal behavior into account. Thus, additional (hopefully standardized) information on population parameters would considerably improve the accuracy of models for the future distribution of the three large carnivore species.
Finally, we would like to stress once more that our study potentially violates a core assumption of niche modeling, namely equilibrium between distribution and environment. We dealt with this problem by limiting future available area (Falcucci et al. 2013) to the current permanent and sporadic occurrences of the three large carnivores and by showing that, while low, the overlap between historical Although the current distributions of the three large carnivore species are not in equilibrium with the environment, due to the ongoing recolonization process in Europe, our results for the present and future distributions of the three species are supported by the comparison between historical and current permanent and sporadic distributions. Specifically, the ecological niche overlap of brown bear, Eurasian lynx and grey wolf, while low, was higher between historical and current permanent occurrences (6.6%, 6.1% and 4.7%, respectively) than between historical and current sporadic occurrences (3.2%, 3.7% and 1.2%, respectively). These results suggest that between 1950-1970s and 2010-2012 , the three large carnivores re-colonized a considerable amount of land that formerly did not seem to be particularly suitable for their establishment. Hence, it appears that the three large carnivores have the adaptability to thrive in a variety of environmental conditions.
The logistic regression models that best explained differences between permanent and sporadic occurrence for each of the three large carnivore species helped us identify predictors shared by the different species. In the best regression model for the brown bear, seven predictors were shared with the best models for Eurasian lynx and grey wolf, indicating that the three large carnivore species generally have similar habitat preferences (May et al. 2008) . In fact, the three large carnivore species do and will coexist in Scandinavia, in southeastern Europe (Dinaric, Carpathian and Balkan regions) and in the Baltics (Fig. 2) . The permanent occurrences of the three large carnivores were significantly and positively related to altitude, grassland cover, forest cover, habitat diversity and distance from human settlements, while they were negatively related to the presence of human settlements. These results are in agreement with findings from other studies (Kobler and Adamic 2000 , Norris et al. 2002 , Grobe et al. 2003 , Jerina et al. 2003 , Posillico et al. 2004 , Jędrzejewski et al. 2005 , Bunnefeld et al. 2006 , Holmes and Laundre 2006 , Munro et al. 2006 , Niedziałkowska et al. 2006 , Zimmermann and Breitenmoser 2007 , Basille et al. 2008 , Podgórski et al. 2008 , Cromsigt et al. 2009 , Elfström and Swenson, 2009 , Krofel et al. 2010 , Eggermann et al. 2011 , Güthlin et al. 2011 , Meriggi et al. 2011 , Belotti et al. 2012 , Llaneza et al. 2012 , Martin et al. 2012 , Milanesi et al. 2012 , Abbas et al. 2013 , Ahmadi et al. 2013 , Bassi et al. 2015 , Maiorano et al. 2015 . In summary, we found, as expected, that the availability of natural or semi-natural habitats and avoidance of humans are fundamental factors related to the permanent distribution of brown bear, Eurasian lynx and grey wolf. However, since sporadic distributions of the three large carnivores occurred at higher percentage of human settlements and at closer distances to them, we expect high human-carnivore conflicts in such areas if no conservation actions will be adopted. To be effective, conservation actions should prioritize damage prevention and make it a condition for payments of compensation that preventive measures are applied (Bautista et al. 2016 ).
Limitations
The distribution of large carnivores in Europe could be affected by factors that were not included in our analysis, and current permanent occurrences was higher than those between historical and current sporadic occurrences. Our results also indicated that large parts of the current sporadic occurrences (up to 25%) could be used permanently by large carnivores in the future. Nevertheless, uncertainty remains as to whether some parts of the sporadic habitat could be occupied permanently in the future due to bias resulting from disequilibrium between distribution and environment.
Conclusions
Our results indicate that there are environmental differences between permanent and sporadic occurrences of brown bears, Eurasian lynx and grey wolves in Europe. However, between 1 353 800 and 1 850 300 km 2 will probably represent permanent occurrences for the three species in the year 2040. The potential recolonization success of large carnivores in Europe does not depend solely on the environmental context. Not surprisingly, diverse human activities were an important factor that differed between permanent and sporadic occurrences and negatively affected the permanent occurrences of all three carnivore species.
